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ABSTRACT 

The w e t t a b i l i t y  o f  var ious  as-received and o x i d i z e d  coa ls  can he  
q u a n t i f i e d  by a f i l m  f l o t a t i o n  technique developed i n  our l a b o r a t o r i e s .  F i l m  
f l o t a t i o n  response curves y i e l d  an average w e t t i n g  tens ion ,  (Tc), that  can be  
used as an index f o r  c o r r e l a t i n g  t h e  behavior  o f  coa ls  w i t h  t h e i r  composi t ion,  
t reatment ,  process behavior,  etc.  The s h i f t  i n  w i t h  o x i d a t i o n  prov ides  a 
q u a n t i t a t i v e  measure o f  t h e  change i n  sur face energy o f  t h e  coa l  induced by 
t h e  inc rease i n  oxygen f u n c t i o n a l  groups. 

INTRODUCTION 

With t h e  except ion o f  an th rac i te ,  almost a l l  coa ls  a re  very  s e n s i t i v e  t o  
ox ida t i on .  Add i t i on  o f  oxygen even i n  amounts t o o  small t o  q u a n t i f y  w i l l  
a l t e r  t h e  p r o p e r t i e s  o f  coal .  Ox ida t i on  can proceed i n - s i t u  f o r  coa l  depos i t s  
a t  shal low depths o r  may occur du r ing  mining, t r a n s p o r t a t i o n ,  s torage and 
processing. Whether o x i d a t i o n  takes  p lace  i n  t h e  bu lk  o f  t h e  coa l  o r  i s  
l i m i t e d  t o  a t h i n  su r face  l aye r ,  can a f f e c t  d r a s t i c a l l y  t h e  su r face  p r o p e r t i e s  
o f  coa l .  The r a t e  o f  o x i d a t i o n  i s  f u r t h e r  enhanced as the  s p e c i f i c  su r face  
area o f  coal  i s  increased through comminution. Much e f f o r t  i s  be ing  d i r e c t e d  
towards e l u c i d a t i n g  t h e  e f f e c t  o f  o x i d a t i o n  on w e t t a b i l i t y  o r  f l o t a b i l i t y .  

An e a r l i e r  s tudy  by Sun ( 1 )  i n d i c a t e d  t h a t  t h e  f l o t a b i l i t y  o f  coal 
decreases w i t h  ox ida t i on .  Others (2,3) have a l so  observed t h e  f l o t a b i l i t y  o f  
o x i d i z e d  coa ls  t o  decrease even i n  t h e  presence of c o l l e c t o r s .  Yarar ( 4 )  
found t h a t  t he  f l o t a t i o n  y i e l d  decreases f o r  coa ls  mined f rom depos i t s  c l o s e r  
t o  t h e  sur face o f  t h e  earth.  Th i s  i s  a t t r i b u t e d  t o  h ighe r  p r o b a b i l i t y  o f  
o x i d a t i o n  i n  shal low beds. 

Despi te  these u s e f u l  observat ions,  d e l i n e a t i o n  o f  t h e  a l t e r a t i o n  i n  
surface c h a r a c t e r i s t i c s  (we t tab i  l i t y )  due t o  o x i d a t i o n  remains i r rp rec ise .  
Contact  angle measurements a r e  s t r o n g l y  i n f l uenced  by t h e  pronounced 
he te rogene i t y  o f  coa l .  Immersion t i m e  measurements, which have been used 
q u i t e  ex tens i ve l y  f o r  t h i s  purpose a re  ext remely a r b i t r a r y  and a re  
t h e o r e t i c a l l y  ambiguous. Hornsby and L e j a  (5) f i r s t  pub l i shed  papers on t h e  
use o f  normal f l o t a t i o n  t e s t s  i n  a s e r i e s  o f  methanol-water s o l u t i o n s  o f  
decreasing sur face tens ion  t o  cha rac te r i ze  coa l  f l o t a b i l i t y .  I n  t h i s  paper, 
we descr ibe a new f i l m  f l o t a t i o n  method f o r  determin ing t h e  w e t t a b i l i t y  o f  
coa l  p a r t i c l e s  and i l l u s t r a t e  i t s  use i n  assessing o x i d a t i o n  e f f e c t s  w i t h  
var ious  coals. 

M a t e r i a l s  and Methods: 

The coals used i n  t h i s  study along w i t h  t h e i r  prox imate a n a l y s i s  (ash, 
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v o l a t i l e  m a t t e r  and f i x e d  carbon) a re  l i s t e d  i n  Table 1. The coal  samples, 
which were received i n  l a r g e  lumps, were f i r s t  crushed i n  a jaw-crusher and 
then ground i n  a smal l  co f fee -g r inde r  t o  minimize contaminat ion.  A f t e r  
f r a c t i o n a t i n g  the  sample by s iev ing ,  t he  m a t e r i a l  was s to red  i n  a g love  box i n  
a i r - t i g h t  g lass  b o t t l e s .  The g love  box was f u r t h e r  purged w i t h  i n e r t  gas t o  
minimize ox ida t i on .  For t h e  f i l m  f l o t a t i o n  exper iments 48 x 65 mesh (295 x 
210 um) p a r t i c l e s  were used. 

Table 1 - Proximate Analys is  (d ry  bas i s )  o f  Raw Coals 

V o l a t i l e  
M a t t e r  

Coal % w t .  
Ash F ixed Carbon dmmf Carbon 

% wt. % w t .  % w t .  

Cambria #33 
Geneva 

K i t t a n n i n g  
A n t h r a c i t e  

S p r i n g f i e l d  

RESULTS AND DISCUSSION 

17.15 6.47 76.38 87.3 
40.96 8.23 50.81 82.2 
31.32 31.99 36.69 74.3 
25.84 43.06 31.10 71.4 

2.95 5.25 91 -80 91.8 

Extens ive exper iments have been c a r r i e d  ou t  t o  i n v e s t i g a t e  t h e  f i l m  
f l o t a t i o n  response o f  coa l  and t h e  use o f  t h e  r e s u l t s  f o r  c h a r a c t e r i z i n g  coa l  
behavior.  F igu re  l a ,  i n  which t h e  cumulat ive percentage o f  p a r t i c l e s  no t  
imbibed by t h e  l i q u i d  i s  p l o t t e d  as a f u n c t i o n  o f  t h e  su r face  t e n s i o n  of t h a t  
l i q u i d ,  i l l u s t r a t e s  t h e  f i l m  f l o t a t i o n  response o f  210 x 295 pm p a r t i c l e s  o f  
Cambria #33 coa l  (a hydrophobic  Pennsylvania b i tuminous coa l ) .  Th is  f i g u r e  
c l e a r l y  shows t h a t  t h e r e  i s  a d i s t r i b u t i o n  i n  t h e  w e t t a b i l i t y  o f  t h e  coal  
p a r t i c l e s .  We cons ide r  t h e  cumulat ive p l o t  g iven  i n  F igu re  l a  t o  be a 
surface-based p a r t i t i o n  curve, which g ives  t h e  cumulat ive d i s t r i b u t i o n  o f  
p a r t i c l e s  i n  r e l a t i o n  t o  t h e i r  e f f e c t i v e  su r face  enerqy o r  hyd rophob ic i t y .  We 
have def ined t h r e e  parameters f rom t h e  k i n d  o f  r e s u l t s  g iven  i n  F i g u r e  l a :  
t h e  surface tens ion  o f  t h e  s o l u t i o n  t h a t  wets a l l  p a r t i c l e s ,  yc(rnin), t h e  
mean surface t e n s i o n  o f  p a r t i c l e s  i n  t h e  d i s t r i b u t i o n ,  Tc, and t h e  sur face 
t e n s i o n  of t h e  s o l u t i o n  above which none o f  t h e  p a r t i c l e s  a r e  
wetted, Y,(rnax). I n i t i a l l y ,  we consider  t h a t  p a r t i c l e s  a re  imbibed a t  a 
g i ven  surface t e n s i o n  when t h e  con tac t  ang le  o f  those p a r t i c l e s  has j u s t  
reached a value o f  zero. However, due t o  g r a v i t a t i o n a l  e f fec ts ,  s i n k i n g  
occurs at con tac t  angles s l i g h t l y  g rea te r  than zero. Thus, t h e  surface 
t e n s i o n  of t h e  s o l u t i o n  t h a t  imbibes a l l  t h e  p a r t i c l e s  represents  those 
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p a r t i c l e s  w i t h  t h e  lowest  sur face  f r e e  energy, t h a t  i s  yc(min). The mean 
c r i t i c a l  w e t t i n g  sur face  tens ion  of p a r t i c l e s  i n  t h e  assembly i s  des ignated 
as Tc, and t h i s  then must represent  an average of t h e  ye's o f  t h e  p a r t i c l e s  
be ing  tes ted .  

Using the  da ta  f rom F igure  l a ,  t h e  mass f r a c t i o n  o f  t h e  p a r t i c l e s  which 
a re  lyophobic  i s  p l o t t e d  i n  F igure  l b  as a f u n c t i o n  o f  t h e  su r face  tens ion  o f  
t h e  imb ib ing  so lu t i on .  This f i g u r e  i n d i c a t e s  t h e  ex i s tence  o f  a sur face  
parameter d i s t r i b u t i o n ,  even f o r  a c losely-graded s i z e  d i s t r i b u t i o n  o f  t h e  
coa l .  The average su r face  tens ion  parameter f o r  each distr ibut ion.Y,,  can be 
c a l c u l a t e d  from t h e  histogram. 

Coal o x i d a t i o n  i s  known t o  proceed i n  stages, which l e a d  p rog ress i ve l y  
through t h e  product ion of gases, changes i n  t h e  p r o p e r t i e s  o f  gases, and 
changes i n  t h e  p r o p e r t i e s  of t h e  remaining s o l i d  (9).  Surface o x i d a t i o n  i s  
caused when coal  i s  exposed t o  an o x i d i z i n g  atmosphere. The i n i t i a l  stages o f  
o x i d a t i o n  a re  cha rac te r i zed  by chemisorpt ion o f  oxygen and t h e  format ion o f  
a c i d i c  f u n c t i o n a l  groups, s p e c i f i c a l l y  c a r b o x y l i c  (-COOH), ketone (C=O) and 
pheno l i c  (-OH). Prolonged o x i d a t i o n  under h igh  s e v e r i t y  cond i t i ons  can r e s u l t  
i n  subs tan t i a l  uptake o f  oxygen deep i n t o  t h e  coal  ma t r i x .  Ox ida t i on  i n  
l a b o r a t o r y  i n v e s t i g a t i o n s  has been c a r r i e d  e i t h e r  w i t h  chemical ox idan ts  o r  by 
thermal ox ida t i on .  For t h e  work repo r ted  here we have used t h e  thermal 
o x i d a t i o n  procedure descr ibed. 

I n  t h i s  work, t h e  e f f e c t  o f  o x i d a t i o n  on t h e  w e t t a b i l i t y  o f  powdered coa l  
was i n v e s t i g a t e d  through f i l m  f l o t a t i o n  response, by va ry ing  t h e  su r face  
tens ion  o f  t h e  l i q u i d  between t h a t  o f  pure  methanol (22.5 mN/m) and d i s t i l l e d  
water (72.8 mN/m). The we t t i ng  su r face  tens ion  d i s t r i b u t i o n  o f  Cambria #33 
coa l  ox id i zed  a t  150, 200 and 244OC f o r  19 hours i s  shown i n  F igure  2. From 
the  r e s u l t s  presented here, i t  i s  c l e a r l y  seen t h a t  t h e  curves a r e  s h i f t e d  t o  
t h e  r i g h t  w i t h  increased ox ida t i on ,  i n d i c a t i n g  an i nc rease  i n  t h e  average 
w e t t i n g  sur face  tens ion  (<) I n  an i d e a l  
unoxid ized coal ,  t h e  carbonaceous m a t e r i a l  (macerals)  i s  respons ib le  f o r  i t s  
n a t u r a l  hyd rophob ic i t y  w i t h  t h e  i n o r g a n i c  m ine ra l s  genera l l y  be ing  
h y d r o p h i l i c .  Upon o x i d a t i o n  t h e  carbonaceous subs t ra te  produces oxygenated 
f u n c t i o n a l  groups (-COOH, -OH) a t  t h e  surface, which i nc rease  t h e  hydro- 
p h i l i c i t y  o f  coa l  due t o  t h e i r  i n t e r a c t i o n  w i t h  p o l a r  water molecules. 

The curves i n  F i g u r e  2 suggest t h a t  d i f f e r e n t  components of t h e  
hydrophobic f r a c t i o n  i n  t h i s  coal  tend t o  o x i d i z e  a t  d i f f e r e n t  degrees s ince  < changes markedly w i thou t  yc(min) s h i f t i n g  apprec iab ly .  To t e s t  t h i s ,  some 
con tac t  angle r e s u l t s  obta ined by Yang (10) on t h e  same sample o f  coal  a re  
reproduced i n  F i g u r e  3, which g ives  p l o t s  o f  t h e  cos ine o f  t h e  con tac t  ang le  
( e ) ,  measured on coa l  samples o x i d i z e d  a t  d i f f e r e n t  temperatures,  as a 
f u n c t i o n  o f  t h e  su r face  tens ion  o f  t h e  aqueous methanol so lu t i on .  These so- 
c a l l e d  Zisman p l o t s  y i e l d  t h e  c r i t i c a l  w e t t i n g  su r face  tens ion ,  y,, by 
e x t r a p o l a t i o n  o f  t h e  l i n e  t o  cos ine  8 = 1. The r e s u l t s  g i ven  i n  F igure  2 
i n d i c a t e  t h a t  yc f o r  t h e  coal i s  e s s e n t i a l l y  independent o f  t h e  ex ten t  o f  
ox ida t i on .  Yet t h e  con tac t  angle i n  water indeed r e f l e c t s  o x i d a t i o n  behavior 
r a t h e r  markedly w i t h  t h e  contac t  angle be ing  90 degrees f o r  as-received coa l ,  
50 degrees when o x i d i z e d  a t  15OoC and 40 degrees when o x i d i z e d  a t  200OC. 

I n  regard t o  s e n s i t i v i t y  o f  con tac t  angle behavior,  Parekh and Aplan (11) 
a l s o  observed t h a t  yC i s  t h e  same f o r  a wide range o f  coals,  namely 45 mN/m. 

as t h e  coa l  becomes more ox id ized.  
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Th is  i nd i ca tes  probably  some i n s e n s i t i v i t y  i n  t h e  con tac t  angle technique f o r  I 
I determin ing the c r i t i c a l  w e t t i n g  tens ion  of coals  and se rv ing  as a conparat ive 

i ndex  f o r  d i f f e r e n t i a t i n g  coal suhjected t o  d i f f e r e n t  degrees o f  ox ida t i on .  

We b e l i e v e  t h a t  the mean w e t t i n g  surface tens ion ,  vc, prov ides a use fu l  
index w i th  which t o  c o r r e l a t e  process response among var ious coals  o r  between 
degrees o f  o x i d a t i o n  o f  t h e  same coal .  To t e s t  t h i s ,  t h e  percentage of oxygen 
i n  func t i ona l  groups was determined by wet p o t e n t i o m e t r i c  t i t r a t i o n  method 
o u t l i n e d  by Schafer (8). F igu re  4 shows t h e  c o r r e l a t i o n  between t h e  
concen t ra t i on  of oxygen f u n c t i o n a l  groups w i t h  G. I n  add i t i on ,  Fuerstenau e t  
a l .  (12) determined t h e  f l o t a t i o n  behavior  o f  t h i s  same coal  i n  0.5M NaCl 
s o l u t i o n s  and t h e i r  r e s u l t s  f o r  mximum f l o t a t i o n  y i e l d  are a l s o  i nc luded  i n  
F i g u r e  4. This f i g u r e  shows t h a t  the coal i s  rendered h y d r o p h i l i c  as t h e  
percentage o f  oxygen groups i n  t h e  coal increases. This  i s  a l so  very we l l  
r e f l e c t e d  by the  f i l m  f l o t a t i o n  r e s u l t s  which show the  Y, t o  i nc rease  w i t h  
ox ida t i on ,  thus e s t a b l i s h i n g  i t s  a p p l i c a b i l i t y  i n  q u a n t i f y i n g  h y d r o p h i l i c i t y .  

The f a c t  t h a t  t h e  i nc rease  i n  h y d r o p h i l i c i t y  f o r  a given coal i s  due t o  
t h e  increase i n  oxygen f u n c t i o n a l  groups i s  f u r t h e r  e l u c i d a t e d  by de te rm in ing  
t h e  a c i d i c  and pheno l i c  groups i n  t h e  l y o p h i l i c  and lyophobic  f r a c t i o n s  
produced by f i l m  f l o t a t i o n .  F i l m  f l o t a t i o n  o f  Geneva Mine coal (a Utah 
bi tuminous coa l )  was performed i n  30% methanol s o l u t i o n  ( y  = 45 mN/m). 
Po ten t i omet r i c  t i t r a t i o n s  o f  t h e  lyophobic  and l y o p h i l i c  f r a c t i o n s  i n d i c a t e  
t h a t  the p a r t i c l e s  imbibed i n t o  the  s o l u t i o n  (58% of t h e  feed) have a 
considerably  h ighe r  concen t ra t i on  o f  c a r b o x y l i c  and pheno l i c  f u n c t i o n a l  groups 
than  the f l o a t i n g  p a r t i c l e s .  The o r i g i n a l  feed was a l s o  t i t r a t e d  t o  determine 
t h e  func t i ona l  group c losu re .  The r e s u l t s  are presented g r a p h i c a l l y  i n  F igure 
5. There i s  a 99 percent  c losu re  on t h e  pheno l i c  and a 97 percent  c losu re  on 
t h e  ca rboxy l i c  groups. It i s  apparent f rom these s tud ies  t h a t  t h e  presence o f  
oxygen func t i ona l  groups increases the  h y d r o p h i l i c i t y  of coals, which i n  t u r n  
a1 t e r s  t h e i r  process ing response. 

This procedure was extended t o  a s c e r t a i n  how a range of coals  hav ing wide 
range of proximate a n a l y s i s  (Table 1) were a f f e c t e d  when ox id i zed  and f i l m  
f l oa ted .  Table 2 presents  t h e  values o f  7, ( o r  y 0) obta ined f rom the  
w e t t i n g  tens ion  diagrams f o r  bo th  as-received and o x i J i z e d  ( a t  200°C. 19 h r s )  
coa ls  used i n  t h i s  i n v e s t i g a t i o n .  For some of  t h e  as-received coa ls  and 
o x i d i z e d  coals  complete w e t t i n g  tens ion  d i s t r i b u t i o n  diagrams could not  be 
obtained, because t h e  m s t  h y d r o p h i l i c  p a r t i c l e s  were engul fed i n t o  pure 
water.  However, a n a l y s i s  of t h e  curves f o r  coa ls  f o r  which t h e  f u l l  
d i s t r i b u t i o n  could be obta ined i n d i c a t e d  t h a t  t h e  Tc i s  reasonably c lose 
t o  ys0, t h a t  i s  t h e  50% p o i n t  on t h e  cumulat ive d i s t r i b u t i o n  p l o t s .  Some 
p r e l i i i i i n a r y  observat ions a re  t h a t ,  o f  t h e  b i tuminous coals ,  those w i t h  h ighest  
ash content  are t h e  most h y d r o p h i l i c  and t h e  one w i t h  t h e  h ighes t  v o l a t i l e  
m a t t e r  content i s  t h e  most hydrophobic. I n t e r e s t i n g l y ,  a n t h r a c i t e  i s  the 
l e a s t  hydrophobic o f  t h e  as-received coa ls  and e x h i b i t s  great  res i s tance  t o  
ox ida t i on .  The i n i t i a l  behavior  o f  coal and i t s  s u s c e p t i b i l i t y  t o  o x i d a t i o n  
W i l l  depend on t h e  c h a r a c t e r i s t i c s  o f  t h e  d i f f e r e n t  carbonaceous species 
Present  i n  a given coal. Th i s  depends on t h e  c o n d i t i o n s  of  c o a l i f i c a t i o n  t o  
which the decaying p l a n t  mat ters  are subjected.. 
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Table 2 - Average Wet t ing Surface Tension from t h e  F i l m  F l o t a t i o n  
o f  Raw Coal and Coal Oxid ized f o r  19 hours a t  200°C. 

Coal I Average Wet t ing Tension (mN/m) 

Cambria #33 
Geneva 
S p r i n g f i e l d  
K i t t a n n i n g  
A n t h r a c i t e  

I Raw I Oxid ized 

46.8 
31 .O 
51.5 
49.0 
69.0 

75.5 
66.0 
76.5 
90.0 
71.0 

SUMMARY AND CONCLUSIONS 

I n  summary, by conduct ing f i l m  f l o t a t i o n  wi th  a s e r i e s  of a l coho l -wa te r  
so lu t i ons ,  t h e  w e t t a b i l i t y  o f  as-received and o x i d i z e d  coa ls  .can be  
q u a n t i f i e d .  Th is  q u a n t i f i c a t i o n  i s  achieved by e s t i m a t i n g  t h e  mean w e t t i n g  
su r face  tens ion  (Tc) f o r  a g iven  sample o f  coa l .  A l l  t h e  coa ls  t e s t e d  showed 
a marked increase i n  h y d r o p h i l i c i t y  on ox ida t i on .  The s e n s i t i v i t y  o f  yC as 
an index  f o r  p r e d i c t i n g  t h e  f l o t a t i o n  response o f  coal  i s  e s t a b l i s h e d  th rough  
a c o r r e l a t i o n  between oxygen conten t ,  TC and f l o t a t i o n  y i e l d s .  P o t e n t i o m e t r i c  
t i t r a t i o n s  o f  t h e  h y d r o p h i l i c  and hydrophobic f r a c t i o n s  o f  coa l  c o n f i r m  t h a t  
t h e  concentrat ion o f  oxygen f u n c t i o n a l  groups i s  much h ighe r  i n  t h e  
h y d r o p h i l i c  f r a c t i o n  than i n  t h e  hydrophobic f r a c t i o n .  
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LlOUlD SURFACE TENSION, m N h  LIOUID SURFACE TENSION, mN/m 

F i g .  1- a )  F i l m  f l o t a t i o n  p a r t i t i o n  curve f o r  Cambria #33 bituminous coal ,  and 
b)  Frequency h is togram f o r  t he  l y o p h o b i c i t y  o f  Cambria 833 coal. 
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F i g .  2- F i l m  f l o t a t i o n  p a r t i t i o n  curves f o r  as- 
rece ived  and o x i d i z e d  Cambria $33 coa l .  
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F ig .  3 - Zisman p l o t s  o f  t h e  cos ine o f  t he  con tac t  angle 
o f  aqueous methanol s o l u t i o n s  on as-received and 
o x i d i z e d  Cambria #33 bi tuminous coa l .  

U U G H T  PERCENT OXYGEN FUNCTIONAL GROUPS 

F i g .  4 - C o r r e l a t i o n  between the  concen t ra t i on  o f  oxygen 
f u n c t i o n a l  groups, average w e t t i n g  t e n s i o n  and 
f l o t a t i o n  y i e l d  f o r  Cambria #33 coa l .  
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GENEVA COAL 
FILM FLOTATION I N  38% METHANOL SOLUTION 
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F i g .  5 - Graphica l  rep resen ta t i on  o f  t h e  d i s t r i b u t i o n  
of f u n c t i o n a l  groups between t h e  l yophob ic .  
and l y o p h i l i c  f r a c t i o n s  from t h e  f i l m  f l o t a -  
t i o n  o f  Geneva coal .  
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